Symptoms of depression can be induced in humans through blockade of acetylcholinesterase (AChE) whereas antidepressant-like effects can be produced in animal models and some clinical trials by limiting activity of acetylcholine (ACh) receptors. Thus, ACh signaling could contribute to the etiology of mood regulation. To test this hypothesis, we administered the AChE inhibitor physostigmine to mice and demonstrated an increase in anxiety-and depression-like behaviors that was reversed by administration of nicotinic or muscarinic antagonists. The behavioral effects of physostigmine were also reversed by administration of the selective serotonin reuptake inhibitor fluoxetine. Administration of fluoxetine also increased AChE activity throughout the brain, with the greatest change in the hippocampus. To determine whether cholinergic signaling in the hippocampus could contribute to the systemic effects of cholinergic drugs, we infused physostigmine or virally delivered shRNAs targeting AChE into the hippocampus. Both pharmacological and molecular genetic decreases in hippocampal AChE activity increased anxietyand depression-like behaviors and decreased resilience to repeated stress in a social defeat paradigm. The behavioral changes due to shRNA-mediated knockdown of AChE were rescued by coinfusion of an shRNA-resistant AChE transgene into the hippocampus and reversed by systemic administration of fluoxetine. These data demonstrate that ACh signaling in the hippocampus promotes behaviors related to anxiety and depression. The sensitivity of these effects to fluoxetine suggests that shRNA-mediated knockdown of hippocampal AChE represents a model for anxiety-and depression-like phenotypes. Furthermore, abnormalities in the cholinergic system may be critical for the etiology of mood disorders and could represent an endophenotype of depression.
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psychosocial stress | affective disorders D epression affects one in six individuals worldwide, resulting in a substantial personal and economic burden. Although the precise etiology of depression is not known, a constellation of findings suggests that predisposing factors, including individual genetic makeup, interacting with stressful life events, can precipitate depressive disorders. Currently available antidepressants are effective at treating both depression and anxiety, but the therapeutic response remains variable. Only 30% of patients achieve remission during the first line of treatment with a selective serotonin reuptake inhibitor (SSRI) such as fluoxetine, and many patients show only limited improvements. Thus, it is critical to identify the neurobiological factors that predispose individuals to stress susceptibility and depression to understand the etiology and develop therapeutics for the disorder.
A recent human imaging study has suggested that acetylcholine (ACh) levels are elevated in patients who are actively depressed, as measured by occupancy of nicotinic receptors throughout the brain, and remain high in patients who have a history of depression (1) . In addition, despite the recent failure of a large clinical trial, other clinical and preclinical studies have shown that blockers of cholinergic (both muscarinic and nicotinic) receptors can induce antidepressant-like responses (2). These observations have renewed interest (3, 4) in the adrenergic-cholinergic balance hypothesis of mania and depression (5) , which states that heightened cholinergic tone and decreased noradrenergic tone could lead to depressive symptoms (6) . In these human studies, physostigmine, an inhibitor of acetylcholinesterase (AChE: the primary enzyme regulating ACh levels in the extracellular space), increased depressive symptoms in individuals with or without a history of depression. Similarly, hypersensitivity of the cholinergic system has been connected to the induction of depression-like behavior induced by various stressors in rodents (7) . ACh levels and activity can be modulated by stress [one of the main triggers of depression (8) ] in several brain regions (9) . Taken together, these observations suggest that hyperactivity of brain cholinergic systems can contribute to the pathophysiology of depression; however, the mechanisms underlying this relationship are largely unknown, and it is not clear whether there is a causal relationship between ACh regulation and mood or whether these observations are solely correlative.
Previous studies have attempted to alter AChE activity genetically, but broad peripheral effects of AChE knockout result in early death and severe motor abnormalities, whereas broad overexpression results in compensatory alterations in AChE activity (10, 11) . Other studies have manipulated expression of a specific, alternatively spliced isoform of AChE (AChE-R) that can be induced by stress, that results in hypersensitivity of hippocampal neurons through neurite reorganization (12) , and that may protect against stress-induced neurodegeneration (13) . Mice overexpressing AChE-R show heightened anxiety-like behavior (14) , but it remains difficult to determine whether this is a primary consequence of altering AChE activity or whether the behavioral change is due to compensation that can occur in genetically manipulated animals during development.
In this study, we investigated the role of cholinergic signaling in anxiety-and mood-related behaviors, using pharmacological and molecular genetic techniques to alter AChE levels or activity in adulthood. We tested the hypothesis that ACh dynamics in the hippocampus are involved in anxiety-and depression-like behavior, as well as susceptibility to stress in the social defeat paradigm.
Results

Acute Treatment with Physostigmine Induces a Depression-Like
Phenotype in the Tail Suspension Test. As expected, acute administration of physostigmine significantly decreased activity of AChE across brain regions (P's < 0.05) (Fig. S1 ). Acute physostigmine (0-0.5 mg/kg) administration also induced an increase in immobility in the tail suspension test, suggesting that AChE blockade has a prodepressant-like effect (15) [treatment: F(3, 54) = 3.68, P = 0.017] (Fig. 1A, Left) . Post hoc analyses demonstrated that physostigmine concentrations above 0.25 mg/kg were effective (0.25 mg/kg: P = 0.005; 0.5 mg/kg: P = 0.005) without affecting locomotor activity (Fig. 1B, F < 1) . Physostigmine administration induced a dose-dependent decrease in brain AChE activity (Fig. 1A , Right) [treatment: F(3, 148) = 10.1, P < 0. 0001]. Post hoc analyses revealed that concentrations inducing a significant decrease in AChE activity (0.25 mg/kg, P = 0.0002; 0.5 mg/kg, P = 0.0007) were effective in the tail suspension test.
Acute Effects of Physostigmine Are Reversed by ACh Receptor
Antagonists or Treatment with the Antidepressant Fluoxetine. Blockade of AChE results in increased ACh signaling at its targets, both muscarinic and nicotinic acetylcholine receptors (AChRs). Acute administration of scopolamine (a broad muscarinic antagonist; 0.5 mg/kg), mecamylamine (a broad nicotinic antagonist; 1 mg/kg), or a combination of both drugs blocked the effects of physostigmine in the tail suspension test, suggesting that physostigmine's effects are due to downstream activation of AChRs (F < 1) (Fig. 1C) . In addition, administration of the antidepressant fluoxetine (10 mg/kg) also reversed the prodepressant-like effects of physostigmine observed in the tail suspension test ( Fig. 2A ) (saline + saline vs. physostigmine + fluoxetine: F < 1), suggesting that an antidepressant used in human depressed patients was also effective in reversing physostigmine-induced depressionlike behavior.
Chronic Treatment with Fluoxetine Increases Hippocampal AChE Activity.
Because fluoxetine reversed the effects of AChE blockade, we hypothesized that antidepressant administration might also alter AChE activity. We therefore treated animals with fluoxetine for 15 d, tested them in the tail suspension test to verify fluoxetine's antidepressant-like effect, and measured AChE activity in brain slices. Fluoxetine induced a brain region-dependent increase in AChE activity [treatment × brain region: F(9, 130) = 4.16, P < 0.0001 (Fig. 2B) ]. Post hoc analyses revealed that significance was reached only in the hippocampus (P = 0.04). To control for any effects of the behavioral assay on AChE activity, we repeated the evaluation of AChE activity in mice treated chronically with fluoxetine with no behavioral testing. Brain regions were microdissected and AChE activity was measured in homogenates, confirming the increase of hippocampal AChE activity following chronic fluoxetine treatment (P = 0.008) (Fig. S2) . In contrast, chronic administration of physostigmine resulted in a paradoxical up-regulation of AChE activity, suggesting that there was compensation at the transcriptional level and that pharmacological antagonism cannot be used to induce a long-term increase in brain acetylcholine levels (Fig. S3 ).
Local Infusion of Physostigmine into the Hippocampus Induces a
Depression-Like Phenotype in the Tail Suspension Test. To determine whether the change in hippocampal AChE activity could be causally related to behavior in the tail suspension test, we microinfused physostigmine into the hippocampus. Acute AChE antagonism in the hippocampus resulted in a significant increase in immobility in the tail suspension test [F(1, 22) = 4.71, P = 0.04], suggesting that increased ACh signaling in this brain structure is sufficient to induce depression-like behavior (Fig. 2C) .
Knockdown of AChE in the Hippocampus Increases Anxiety-and
Depression-Like Behaviors and Susceptibility to Social Stress. To determine whether a local, long-term change in ACh dynamics in the hippocampus could result in altered anxiety-and depressionlike behavior, we generated adeno-associated virus (AAV) carrying shRNAs targeting the regions common to all isoforms of AChE (shAChE). The ability of these vectors to decrease AChE activity was validated in vitro ( Fig. S4 ) and in vivo ( Fig. 3 A and  B) . AAV-shAChEs were infused into the hippocampus, and accuracy of targeting was determined based on expression of GFP (Fig. 3C ). Off-target effects of shRNAs are an important concern in in vivo knockdown studies. To verify that the behavioral effects of AAV-shAChE infusion were due to AChE knockdown specifically, we used the human AChE cDNA (hAChE) to design an AChE expression construct that would not be recognized by the AAV-shAChE construct. We infused AAV-hAChE into the hippocampus alone or coinfused with AAV-shAChE and verified that hAChE was expressed even when the shAChE (Fig. 3D ) was present, demonstrating that hAChE was resistant to knockdown by shAChE.
Hippocampal AChE knockdown resulted in a significant de- Locomotor activity over 20 min following physostigmine injection (B). Time spent immobile in the tail suspension test after treatment with physostigmine with, or without, a nicotinic (mecamylamine) and/or muscarinic (scopolamine) antagonist (C). n = 8-12 per group. **P < 0.01; ***P < 0.001. All data are expressed as mean ± SEM. # P = 0.07; *P < 0.05; ***P < 0.001. All data are expressed as mean ± SEM.
shAChE into the hippocampus spent less time in the light side of the box [T(20) = 2.75, P < 0.05 (Fig. 4A , Right)] compared with mice that received AAV-Scr infusions. In both tests, no differences in the number of entries and overall activity were detected between groups, suggesting that these changes were due to increased anxietylike behavior and not to changes in locomotor activity.
In both the tail suspension and the forced-swim tests, AAVshAChE infusion into the hippocampus resulted in increased immobility time [tail suspension: T(20) = 3.19, P < 0.01; forced swim: T(19) = 2.35, P < 0.05 ( Fig. 4B )] compared with AAV-Scr controls. No difference was observed in locomotor activity between these groups (Fig. 4C ), suggesting that knockdown of hipopocampal AChE increased depression-like behaviors. Conversely, coinfusion of AAV-hAChE prevented the behavioral effects of AAV-shAChE infusion in the tail suspension test and the forced-swim test.
Although these latter tests have been useful as tests of antidepressant efficacy, human depression generally results from emotional stress rather than physical stress. To determine whether ACh dynamics in the hippocampus alters the response to socially induced stressors, we evaluated behavior in the social defeat model. As a first step, we confirmed that mice that experience repeated aggression (social defeat) exhibit social avoidance (16) . Mice were subjected to 10 d of social defeat stress, followed 24 h later by the social interaction test. As expected, mice exposed to chronic social defeat stress were significantly more likely to avoid a target mouse during social interaction testing compared with nonstressed controls [T(16) = 3.79, P < 0.01 (Fig. 4D)] .
We then tested whether hippocampal AChE knockdown altered stress susceptibility using a submaximal version of social defeat, which does not induce social avoidance in wild-type mice. AAV-shAChE or AAV-Scr vectors were infused into the Fig. 3 . AAV2-mediated delivery of AChE shRNAs (AAV-shAChE) into the hippocampus of mice. Representative photomicrograph showing hippocampus-specific decrease in AChE activity after hippocampal infusion of AAV-shRNA by stereotaxic surgery (A). Real-time PCR showed knockdown of AChE mRNA levels in shAChE-infected hippocampus compared with scrambled controls; n = 6 per group (B). GFP expression after infusion of AAV in the hippocampus demonstrating the specificity of the localization and the spread of infusion (C ). Representative activity-based staining of AChE showing hippocampal AChE overexpression following infusion of the AAV-hAChE construct (D). A control group infused with AAV-GFP shows baseline AChE activity (D, Top), whereas the group infused with the human esterase construct shows increased AChE activity (D, Middle), and the overexpression is not decreased by coinfusion of the AAV-shRNA (D, Bottom). Data are expressed as mean ± SEM. *P < 0.05. . AChE knockdown in the hippocampus increased depression-like behavior in mice. Infusion of shAChE into the hippocampus increased immobility time in the tail suspension (B, Left) and forced-swim (B, Right) tests, with no effects on locomotor activity (C). AChE knockdown in the hippocampus promotes stress susceptibility in mice. Ten days of social defeat stress decreased social interaction in WT mice (D). Infusion of shAChE into the hippocampus decreased social interaction after submaximal defeat stress compared with mice receiving scrambled shRNA infusion (E). Expression of hAChE in the hippocampus prevents AChE knockdown and rescues the behavioral effect of shAChE infusion in mice. Infusion of AAVhAChE in the hippocampus prevented prodepressive effects of hippocampal shAChE delivery in the tail suspension and forced-swim tests, as well as in the submaximal social defeat paradigm. Fluoxetine reversed the behavioral effects of hippocampal shRNA-mediated AChE knockdown. Acute administration of fluoxetine (10 mg/kg) reversed the effects of AChE knockdown in the hippocampus in the tail suspension test (F, Left). Chronic administration of fluoxetine (10 mg/kg) reversed the effects of shAChE infusion in the social defeat paradigm (F, Right); n = 8-10 per group. All data are expressed as mean ± SEM. *P < 0.05; **P < 0.01, ***P < 0.001.
hippocampus, mice were allowed to recover for 4 wk, and animals were then subjected to three social defeat episodes in 1 d. Twenty-four hours later, social avoidance was measured in the social interaction test. As expected, control animals that were subjected to submaximal defeat stress displayed levels of social interaction that were comparable to nondefeated mice (Fig. 4E) . In contrast, mice that received AAV-shAChE infusions into the hippocampus displayed significant social avoidance (P < 0.05) after submaximal defeat stress. Importantly, AAV-shAChE infusion did not influence social behavior in the absence of stress, indicating that hippocampal AChE knockdown increased the susceptibility to social defeat stress rather than altering behavior on its own. ANOVA for interaction scores detected a significant main effect of AChE knockdown [F(1,31) = 4.17, P < 0.05] with no significant main effect of stress [F(1,31) = 0.59, P = 0.45], as well as a significant knockdown X stress interaction [F(1,31) = 5.13, P < 0.05]. Bonferroni post hoc comparison further revealed significant social avoidance in AChE knockdown mice compared with controls that was present only after social defeat stress (P < 0.05), with no significant effect of knockdown in naive nonstressed mice. Coinfusion of AAV-hAChE prevented the behavioral effects of AAV-shAChE infusion in the submaximal social defeat paradigm (Fig. 4E) , whereas locomotor activity was unaffected. Although infusion of AAV-hAChE into the hippocampus increased AChE activity, the overexpression construct had no effect on any of the behavioral paradigms tested (Fig. S5 ).
Behavioral Effects of AChE Knockdown Can Be Reversed with
Fluoxetine Treatment. To determine whether the prodepressantlike effects of hippocampal AChE knockdown were sensitive to antidepressant administration, mice infused with shAChE into the hippocampus were treated with fluoxetine (10 mg/kg) and tested in the tail suspension test or social defeat models. Acute administration of fluoxetine (10 mg/kg) decreased immobility in mice with hippocampal shAChE infusions to a level similar to control animals [treatment: F(2, 26) = 8.17, P = 0.0018) (Fig. 4F)] .
Unlike the tail suspension test, social defeat behavior is sensitive to chronic, but not acute, treatment with antidepressants that are effective in human depressed subjects (17, 18) . Chronic treatment with fluoxetine (10 mg/kg for 15 d) prevented the effects of hippocampal AAV-shAChE infusion on submaximal social defeat behavior [saline vs. fluoxetine: F(1, 18) = 67.1, P < 0.001) (Fig. 4F) ].
Discussion
The ability of ACh signaling to alter mood in human subjects was first discovered several decades ago (5, 6) . However, the brain regions involved in cholinergic control of anxiety-and depressionlike symptoms have remained unknown, mainly due to the complex nature of mood regulation and the neuromodulatory role of ACh (see ref. 19 for review). The effects of ACh are dependent on the site, pattern, and timescale of release. ACh release can be induced by environmental stressors in many brain areas, including the prefrontal cortex and the hippocampus, two regions known to be involved in depression and mood regulation (20) . ACh signaling can coordinate the response of neuronal networks involving these stress-sensitive brain areas, all of which could be relevant for behaviors related to anxiety and depression. AChE is the key enzyme in ACh breakdown and is extremely efficient at modulating extracellular ACh levels (21) . AChE is also the target of drugs used as treatments for Alzheimer's disease and is also targeted by nerve agents, and insecticides. Therefore, it is of great interest to determine whether alterations of AChE activity and cholinergic tone may mediate stress-induced changes leading to anxiety-and depression-related behaviors.
In the current set of experiments, C57BL/6J male mice injected with physostigmine showed increased immobility in the tail suspension test, replicating human studies showing that a pharmacological increase in cholinergic tone can precipitate symptoms of depression (5, 6) . Recently, human imaging using a nicotinic tracer that can be displaced by endogenous ACh showed that there is decreased nicotinic receptor availability in depressed subjects, with no change in receptor number as measured postmortem (1), further suggesting that heightened cholinergic tone could be associated with symptoms of depression. In the current study, we determined that depression-like consequences of AChE antagonism were due to signaling through its downstream receptors because both muscarinic and nicotinic AChR antagonists reversed the effects of physostigmine in the tail suspension test. Both clinical and preclinical studies have shown that AChR blockers can have antidepressant-like effects (22, 23) , suggesting that reversal of a hypercholinergic state could result in an antidepressant response. Finally, the SSRI fluoxetine also abolished physostigmine-induced increases in immobility in the tail suspension test, validating the interpretation that these effects of physostigmine are depression-like.
Although acute administration of physostigmine is a useful way to test the hypothesis that increased ACh signaling can lead to depression-like symptoms, it has limitations as a mouse model of depression and has limited utility for mechanistic studies of ACh effects on circuits related to depression-like behavior. Whereas acute administration of physostigmine results in increased ACh signaling, chronic administration of the drug results in increased transcription and translation of the AChE gene that can compensate for pharmacological blockade (24) . shAChE infusions therefore represent a useful model of chronic increased ACh signaling in the hippocampus. The current set of experiments demonstrates that shAChE infusion results in long-term decreases in AChE activity and in increases in anxiety-and depression-like behavior. Thus, hippocampal AChE knockdown is a useful model of cholinergic dysfunction leading to anxiety-and depression-like behavior.
The pharmacological and molecular genetic studies described here show that increased ACh signaling in the hippocampus is sufficient to recapitulate the consequences of peripheral physostigmine administration and to identify a brain region involved in ACh-mediated regulation of anxiety-and depression-like behaviors. The hippocampus, amygdala, and prefrontal cortex receive a high level of cholinergic input from the basal forebrain complex, and in particular, from the medial septum and nucleus basalis (25) . Several studies have shown that stress increases ACh release in a brain region-specific manner (20) . Importantly, although increasing cholinergic tone globally or in the hippocampus induces depression-like symptoms, a recent study also showed that decreasing cholinergic tone in the striatum can lead to depression-like symptoms, likely through interneuron-dependent disinhibition of striatal neurons (26) . This highlights the fact that cholinergic signaling is not homogenous throughout the brain and that the hippocampus may be a critical node mediating cholinergic effects on stress-related behaviors. In the current study, we found that chronic administration with fluoxetine up-regulated AChE specifically in the hippocampus. Previous studies have demonstrated changes in AChE activity, a switch in expression of particular AChE isoforms, and increased ACh release in the hippocampus following exposure to stress (27, 28) . ACh signals through muscarinic and nicotinic receptors to modulate the dynamic properties of the hippocampus, generating a range of stable oscillatory network states (29) that may mediate the stress response.
Despite the clear effects of stress on hippocampal activity, stress-induced activity may also lead to a compensatory increase in hippocampal AChE activity, reducing extracellular acetylcholine levels and suppressing cholinergic neurotransmission (27) . Psychological stress (27) and various environmental stimuli such as AChE inhibitors (30) and head injury (31) all increase AChE transcription. These findings clearly demonstrate that stress can alter cholinergic signaling at different levels; however, it was not known whether changes in hippocampal cholinergic transmission could alter the behavioral response to stress (32) . In the current study, we showed that facilitating cholinergic signaling during social defeat stress by knockdown of AChE activity in the hippocampus precipitated significant social avoidance in mice. AChE knockdown in the absence of exposure to defeat stress did not change social behavior at baseline. Our results further suggest that maintaining high ACh levels in the hippocampus during stress may intensify the stress response and alter coping skills in adverse situations. Supporting this conclusion, pharmacological inhibition of AChE during elevated stress was recently shown to increase anxiety-like behavior in mice without similar effects in nonstressed controls (33) . Similarly, rats with increased cholinergic sensitivity are more susceptible to the immobilityinducing effects of mild stressors (34) . Consistent with the results shown here, acute pharmacological AChE inhibition by physostigmine has also been shown to increase immobility in the forcedswim test in rats (35) .
Studies of the cholinergic influence on anxiety have yielded more mixed results than studies of depression-like behavior. For example, acute injection of high doses of nicotine into the hippocampus has anxiogenic effects that may be mediated by activation of α7 nicotinic acetylcholine receptors (nAChRs) (36) , whereas lower doses of nicotine tend to produce anxiolytic effects (37) . Interestingly, the anxiogenic effects of nicotine in the hippocampus were induced only under experimental conditions involving an unfamiliar arena or high light (38) , which indicates that nAChR stimulation can produce distinct behavioral outcomes depending on the level of stress generated by the test itself. It follows that, under experimental conditions that generate low levels of anxiety, infusions of either a nicotinic or a muscarinic cholinergic receptor antagonist into the hippocampus can have anxiogenic effects (32, 38) . Together with our findings, these studies indicate that the effect of cholinergic tone on anxiety-like behavior may depend on levels of stress.
In summary, the results presented here identify a cholinergic mechanism in the hippocampus that regulates behavioral susceptibility to stress and to anxiety-and depression-like behaviors in mice. In particular, this study shows that whereas other brain nuclei are also essential for regulating mood and anxiety, maintaining hippocampal ACh at homeostatic levels is critical for regulation of emotional behaviors. Furthermore, increasing hippocampal ACh signaling is sufficient to induce behaviors related to anxiety and depression. The current dataset also suggests that the ability of physostigmine to induce symptoms of depression in humans may be due to increases in hippocampal ACh levels. In addition, knockdown of AChE in the hippocampus appears to be an animal model of depression-like behavior with relevant predictive validity for human antidepressant response due to its reversibility by chronic fluoxetine administration and good construct validity based on data suggesting that individuals who are actively depressed may have increased brain ACh levels (1). The current study builds on previous studies of the Flinders sensitive line of rats in which alterations in cholinergic signaling contribute to depression-like phenotypes (34) . The experiments presented here also identify the hippocampus as one area critical for the effects of ACh signaling on anxiety and depression, providing a manipulation in adulthood that bypasses potential developmental alterations.
Methods
Animals. C57BL/6J male mice (10-12 wk of age) were obtained from Jackson Laboratory and housed under standard laboratory conditions (21 ± 2°C, 12 h light-dark cycle with food and water available ad libitum). Upon arrival, mice were split into groups of five mice and randomly assigned to experimental groups. Mice were allowed to acclimate to the laboratory for 1-2 wk before experiments. Male CD1 mice (20-40 wk of age) obtained from Charles River were used as aggressors in the social defeat paradigm and housed under the same conditions, unless specified otherwise.
Drugs. Chemicals were obtained from Sigma-Aldrich, and injectable solutions were diluted in phosphate buffered saline (PBS; 1 mM KH 2 PO 4 , 155 mM NaCl, 3 mM Na 2 HPO 4 , pH 7.4). Thirty minutes before behavioral testing, solutions were injected i.p. unless stated otherwise (local infusions). For experiments that used two drugs ( Fig. 2A ), mice were injected with saline or physostigmine followed by saline or fluoxetine 15 min later, and tail suspension testing was performed 30 min after the last injection.
Measurement of AChE Activity. In brain slices, AChE activity was measured as previously described (39, 40) and based on colorimetric reaction (see SI Methods for details). In microdissected brain nuclei, enzymatic activity was determined using a similar method modified for microassays using DACE-100-QuantiChrom Acetylcholinesterase Assay kit following the manufacturer's recommendations. Each measurement was performed in triplicate.
AChE Knockdown by AAV-shRNAs. Three shRNAs directed against AChE were constructed using published methods (41) by selecting unique 24 base sequences and tested in vitro in N2A cells (see Fig. S4 for details). To achieve long-term in vivo knockdown, efficacious shRNA-AChEs (shAChE) or a scrambled construct (Scr) were incorporated into AAV-2. AAV-shAChE or AAV-Scr (a scrambled sequence with no known target) was infused bilaterally by stereotaxic surgery into the hippocampus. Mice were left to recover for 21 d to allow for knockdown, and efficacy of AAV infusions was further evaluated both by measuring AChE activity in sections and by quantifying mRNA levels in microdissected tissue (see SI Methods for details). At the end of behavioral experiments, animals were perfused and brain sections were examined with fluorescence microscopy to validate the infusion and infection sites by visualization of GFP.
Behavioral Testing. The sequence of behavioral tests following AAV infusions started with the elevated plus maze, followed by the light-dark test, tail suspension test, and the forced-swim test. Tests were performed 48-72 h apart to limit any effects of one test on the next.
At least 3 wk after the last behavioral test in the battery, mice were exposed to either chronic or submaximal social defeat episodes, followed by the social interaction test. To validate that submaximal social defeat measures were unaffected by preceding behavioral testing, we also tested mice naive to any prior behavioral testing. Naive mice displayed similar levels of social avoidance after AChE knockdown compared with mice that had been tested in the behavioral battery. For all procedures, mice were habituated to testing rooms for at least 30 min before behavioral measures were taken, and testing took place between 1000 and 1800 hours. All procedures were approved by the Yale University Animal Care and Use Committee and conformed to the standards of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Elevated Plus Maze. The elevated plus maze was made of black plexiglas, had four 30-× 5-cm arms, and was elevated 50 cm above the floor. Two arms were enclosed by 15-cm walls; the other two arms had a 3-mm edge to prevent slipping, and all arms were illuminated equally. A 5-× 5-cm platform at the center was considered a neutral area. One hour before the experiment, animals were placed in the testing room. Light-Dark Test. The light-dark test was performed as described previously (23) . The apparatus consisted of two opaque Plexiglas compartments of the same size connected by a central opening (18-× 10-× 13-cm dimensions: light compartment illuminated by a 60-W desk lamp through a transparent Plexiglas cover). Mice were placed into the dark compartment facing away from the opening and observed for 5 min after the first cross was made. Number of entries into the dark side and time spent in the dark compartment were measured.
Tail Suspension Test. The tail suspension test is used routinely for antidepressant screening and to identify depression-like behavior in mice (15) . Mice were gently suspended by the tail, and videotapes were scored for time spent immobile over 6 min. Immobility was defined as no movement except for respiration. Subjects were returned to their home cage at the end of the test.
Forced-Swim Test. Mice were placed in clear glass beakers (18 cm in diameter) filled with 15 cm water (∼25°C). Videotapes were scored for time spent immobile over a 15-min period as described previously (42) . Immobility was defined as the minimal amount of movement made by the mouse to stay afloat. Care was taken not to put the nose of the mouse below the water level when initially placed in the water, and mice that appeared to be in distress were removed immediately. Subjects were returned to their home cage at the end of the test.
Social Defeat Stress. Suprathreshold defeat paradigm. Mice were subjected to a social defeat stress protocol adapted from ref. 43 and based on previous work showing that chronic social defeat can induce depression-like endophenotypes (44) . During each defeat episode, a C57BL/6J test mouse was placed in the home cage of an unfamiliar, aggressive CD1 mouse for 10 min, during which time the C57BL/6J mouse displayed subordinate posturing. For the chronic social defeat paradigm, defeated mice were housed for 24 h with the aggressive CD1 mouse separated only by a metal grid, and this process of social defeat and cohousing was repeated daily for 10 consecutive days. Submaximal defeat paradigm. To test whether manipulations of AChE could potentiate an animal's susceptibility to psychosocial stress induced by repeated defeat, we also used the submaximal defeat paradigm as reported previously (43) . For the submaximal social defeat paradigm, C57BL/6J mice were subjected to three social defeat episodes in 1 d, and each defeat episode was separated by 15 min of rest.
Before defeat episodes, CD1 mice (6-12 mo of age) were screened for aggressive behavior, and only CD1s with attack latency shorter than 1 min were used in defeat episodes (45) . Immediately after the 10th defeat of the chronic social defeat paradigm, or the third defeat of the submaximal social defeat paradigm, C57BL/6J mice were singly housed over night, and the next day a social interaction test was performed in a different room between 1000 and 1400 hours, unless stated otherwise. Social interaction. At the end of either the 10-d or the submaximal social defeat paradigm, approach-avoidance behavior toward an unfamiliar social target was measured as described previously (16) . Experimental mice were placed within a novel white plastic open field (39 × 39 cm) in a dark environment with dimmed red light for two consecutive sessions of 2.5 min. In the first session (no target), the open field contained an empty metal grid cage (10 × 6 cm) at one end of the arena. In the second session (target present), conditions were similar, but the metal grid cage contained an unfamiliar CD1 mouse. In between the two sessions, the experimental mouse was returned to its home cage for 1-2 min. Videotapes were scored for time spent by the experimental mouse in the interaction zone (an 8-cm wide corridor around the metal grid cage) and for time spent in the open-field corners opposite the cage. The interaction score was calculated as 100 * (interaction time, target present)/(interaction time, no target).
Locomotor Activity. Mice were placed in a clean Plexiglas cage (48 × 22 × 18 cm) for 20 min, and locomotor activity was recorded using the OptiMax system (Columbus Instruments). Subjects were returned to their home cage at the end of the test.
Statistical Analysis. For comparisons of two groups, we used two-tailed Student t test, and ANOVA (with "drug treatment" or "virus" and/or "stress" as between-subject factors) and the post hoc t test with Bonferroni corrections were used when relevant. For analysis of AChE mRNA levels after shAChE infusions, we used a one-tailed Student t test. Values of P < 0.05 were considered to be significant. Fig. S1 . AChE activity measured in brain slices following acute physostigmine administration. The y axis represents integrated density of the colorimetric reaction used to measure AChE activity. n = 8-10 per group. Data are expressed as mean ± SEM. *P < 0.05; ***P < 0.001 Fig. S2 . AChE activity measured in brain slices following 2 wk of chronic treatment with fluoxetine. The y axis represents integrated density of the colorimetric reaction used to measure AChE activity. n = 8-10 per group. Data are expressed as mean ± SEM. **P < 0.01. Fig. S3 . AChE activity measured in brain slices following 2 wk of chronic treatment with physostigmine. The y axis represents integrated density of the colorimetric reaction used to measure AChE activity. n = 8-10 per group. Data are expressed as mean ± SEM. *P < 0.05. 
